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ENVIRONMENTAL FACTORS, NOT PLANTS, CONTRIBUTE TO FUNCTIONAL 
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Andrea Stark Howes 
April 25, 2017 
Soil bacteria play important roles in nutrient cycling and other ecosystem 
functions, and many biotic and abiotic factors can influence bacterial functional diversity. 
The goal of this field study was to examine differences among bacterial communities in 
sand dunes of Lake Michigan. I used Biolog Ecoplates™ to compare bacteria functional 
diversity associated with four different plant species: the native dune-building grass 
Ammophila breviligulata, invasive species Leymus arenarius and Gypsophila paniculata, 
and native legume Lathyrus japonicus across 13 sites in Michigan, representing a 
gradient in abiotic factors such as precipitation and temperature. I found no differences in 
bacterial function associated with plant species, but did find strong effects of 
precipitation, elevation, organic matter, plot distance from forest, and latitude. I conclude 
that abiotic and edaphic factors played a much larger role in shaping bacteria community 
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 Until recently aboveground ecosystems were given more consideration than 
below-ground ecosystems for informing ecologists' understanding of the role of species 
interactions in structuring communities and regulating ecosystem function. While the 
importance of aboveground species interactions cannot be denied, ecologists now 
understand that soil organisms can also directly affect ecosystem processes (Bardgett and 
van der Putten 2014). Soil bacteria in particular play a vital role in maintaining ecosystem 
function both above- and belowground. Dead plant litter is the primary form of energy 
entering the soil ecosystem. Bacteria (and fungi) convert this dead matter into forms that 
can be used again by plants. For example, in many ecosystems, nitrogen mineralization 
rates by soil organisms largely determine the amount of nitrogen available for plants 
(Bardgett and Bardgett 2007). Nitrogen fixation, also a process completed by bacteria, 
adds to the amount of consumable nitrogen available to plants in many ecosystems 
(Ledgard and Steele 1992). Phosphorous, another vital nutrient for plant survival, is 
primarily made available in the soil through microbe solubilization of inorganic 
phosphorous (Bardgett and Bardgett 2007). It is important to study the factors that affect 
soil bacteria because both abundance and species composition of bacterial communities 
impact nutrient cycling and plant performance. This, in turn, impacts the rest of the 
ecosystem (Bais, Weir et al. 2006). 
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 Many factors have significant effects on bacterial communities in the soil. Plant 
identity is thought to play a role in the types of bacteria located in the rhizosphere, the 
area closest to plant roots. Carbon compounds in root exudates that bacteria consume can 
be highly plant species specific (Shukla et al. 2011), often resulting in unique rhizosphere 
bacterial communities. The difference between rhizospheres can be large or small 
depending on the ecosystem, the plant species compared, and the bacterial species 
studied. For example, when saponin, a root exudate, was added to a clover plant’s 
rhizosphere the two dominant bacteria populations disappear and were replaced with a 
bacteria species that commonly exists in rhizospheres that naturally contain saponin 
(Fons, Amellal et al. 2003). In contrast, when the rhizospheres of strawberry, potato, and 
rapeseed plants were studied and their bacteria DNA compared, potato plants and 
rapeseed plants had very similar rhizospheres when compared to the third plant species 
that was not an annual (Smalla, Wieland et al. 2001). 
 When plant identity and soil bacteria interactions are studied it is often in an 
attempt to understand how invasive plants establish and spread. It is well established that 
invasives can benefit from a novel soil microbial community when they invade a new 
ecosystem (Chen, Zheng et al. 2013). An invasive plant’s success is often contributed, at 
least in part, to escape from pathogenic interactions with the home soil microbial 
community (Reinhart and Callaway 2006). There is growing research that shows that 
some invasive plants also alter their new soil microbial community as they invade 
(Belnap and Phillips 2001, Klironomos 2002, Kuske, Ticknor et al. 2002, Duda, Freeman 
et al. 2003). For example, Japanese barberry and Japanese stilt grass invasions were 
studied in a hardwood forest in New Jersey. The microbial communities under these two 
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invasive plants differed significantly in both structure and function when compared to the 
native plants in the same location (Kourtev, Ehrenfeld et al. 2002). An invasive plant’s 
relationship with native soil microbes impacts the invasive plant’s ability to compete with 
native plants (Berg and Smalla 2009). Widespread changes in the soil microbial 
community could also possibly have an impact on the fitness of native plants in the 
invaded habitat (Batten, Scow et al. 2006).  
 Rhizosphere bacterial communities are impacted by many factors other than plant 
species identity. Biotic and abiotic factors, such as plant health, plant age, grazing 
animals, weather, season, soil type and age, and pesticides impact soil communities 
(Fierer and Jackson 2006, Tarlera, Jangid et al. 2008, Berg and Smalla 2009). In fact, 
quite often the abiotic factors of the ecosystem are the largest force shaping the bacterial 
community (Zhang, Zhang et al. 2013). A field study in the upper and lower Arctic 
regions found that the change in location between high and low Arctic sites was 
responsible for differences seen in the phenotypic fingerprint of rhizosphere bacterial 
communities in the two regions and that bacterial function was more different between 
the two sites than it was between the rhizospheres of different plant species (Kumar, 
Mannisto et al. 2016). Another study looked at rhizosphere bacteria communities in a 
salt-marsh habitat and found that, while bacterial communities can be related to particular 
plant species they are associated with, these associations can be swamped by site-to-site 
differences in abiotic factors (Rietl, Overlander et al. 2016). The relative importance of 
specific biotic or abiotic factors in controlling the function of soil bacteria varies 
depending on the ecosystem and the current conditions. 
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 In this study I ask: 1) Does plant species identity significantly alter the soil 
bacteria community functional diversity? and 2) Do abiotic factors significantly alter 
bacteria community functional diversity? This study compares soil bacteria communities 
associated with two invasive plant species, Leymus arenarius and Gypsophila paniculata, 
one native legume, Lathyrus japonicus, and one dominant native grass, Ammophila 








 The dune system of the Great Lakes has been studied extensively since the late 
1800s, partially because it is a classic example of primary succession (Cowles 1899). The 
foredune is the portion of the dunes closest to the beach. It is the area where sand first 
begins to accumulate due to the pioneering grasses present (Albert 2000). All plants that 
live on the foredunes must be tolerant of frequent sand burial (Albert 2000). Ammophila 
breviligulata (American beachgrass) is the dominant grass on the Great Lake dunes. It is 
an ecosystem engineer, using its extensive root system to stabilize the dunes that it 
inhabits (Emery, Bell-Dereske et al. 2015). Lathyrus japonicus (beach pea) is a native 
herbaceous legume that also grows on these foredunes. Other plants native to these 
foredunes include sand reed, sand cherry, creeping juniper, wormwood, and common 
milkweed (Albert 2000). Several non-native plants have become invasive on the dunes of 
Lake Michigan in recent years. These exotic plants are a threat to native foredune plants 
because they over-stabilize the sand, altering the environment that native plants evolved 
to thrive in (Albert 2000). One of these invasive plants, Gypsophila paniculata (baby’s 
breath), has been an invasive in this habitat since the 1960s. It has been shown to alter 
arthropod communities when it invades (Baskett, Emery et al. 2011). However, 
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Gypsophila paniculata has not been found to have any effect on the arbuscular 
mycorrhizal fungi that associate with plant roots (Emery, Doran et al. 2013). Leymus 
arenarius is a second invasive plant on the Michigan foredunes. Like Gypsophila it has 
been present on these dunes since the 1960s (Larkin 2012). It has been shown that 
Leymus benefits more from its relationship with arbuscular mycorrhizal fungi (in the 
form of enhanced growth) than the native Ammophila does (Reid and Emery 2017). 
While the findings above show that the invasive plants on the dunes of Lake Michigan 
can alter some species interactions, none of the research on these invasive plants has 




Site Descriptions and Soil Sampling 
 
 In July 2015, Ammophila breviligulata, Lathyrus japonicus, Leymus arenarius, 
and Gypsophila paniculata populations on the southern dunes of Lake Michigan were 
surveyed in 13 national parks, state parks, county parks, and regional land conservancies 
(Fig. 1). Wherever populations of target species (Leymus, Lathyrus, or Gypsophila) were 
found, a 20 meter transect was established running parallel to the lakeshore through the 
target population. 20 soil cores (15cm deep) were taken from each transect. GPS were 
taken at each plot to record the latitude, longitude, and elevation. Soil samples from 13 
transects of Leymus arenarius were taken in total. 3 Gypsophila transects were taken in 
total. 4 Lathyrus transects were taken in total. (Table 1). Paired transects through 
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Ammophila breviligulata populations were sampled 20 meters north or south of each 
target species transect. Plant species richness, percent detritus (litter cover), percent bare 
soil, and percent vegetation were recorded based on visual estimation for all transects. 
The soil samples were stored in coolers with ice until they could be transported to the lab. 
Soil samples were then stored in refrigerators at 4°C until analyses. 
 
 
Bacteria Community Function Analysis 
 
 Biolog Ecoplates™ contain 31 carbon substrates (Table 2) that are used to profile 
microbe carbon consumption. Each Ecoplate™ contains three replicates of each substrate 
and three replicates of a “blank” well that has no carbon substrate. Each well also has a 
tetrazolium dye that creates the color purple when respiration occurs inside the well, 
indicating ability of the microbe community to use the given carbon substrate (BIOLOG 
Inc, Hayward, CA, USA). The extraction and pipetting of soil bacteria onto Ecoplates 
followed the protocol described by (Chen, Zheng et al. 2013). Briefly, 5g soil from each 
transect was placed in a sterile 50mL centrifuge tube. 45mL of sterile 0.85%NaCl was 
added using a sterile pipet. The centrifuge tube was then shaken at 300 rpm for 30 
minutes and allowed to settle for 5 minutes. 5mL of the solution, extracted from the 
middle of the centrifuge tube, was combined with another 45mL sterile 0.85%NaCl. This 
second solution was then vortexed for 10-30 seconds to mix the two liquids. 150uL of 
this 1:100 solution was pipetted into each well of a room temperature EcoPlate™ 
(BIOLOG Inc, Hayward, CA, USA). The Ecoplate then sat for an hour before running 
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through the plate reader at 595µm wavelength for baseline consumption data (time=0.) 
Plates were then read at day 7 at 595µm wavelength (BioTek, ELx800) after popping any 
bubbles that have formed on the surface of the wells with a sterile plastic toothpick. 
 
 
Quantification of Soil Organic Matter 
 
 Organic matter content in sample soil was calculated using the ash-free massing 
method (Ryan, Melillo et al. 1990). 20g of air dried soil from each transect was placed in 
a ceramic crucible and burned in a muffle furnace at 475°C for 4 hours. The muffle 
furnace was then turned off and the soil allowed to cool. The soil was reweighed and the 
new weight was subtracted from the beginning weight and the quotient multiplied by 100 
to obtain the percent of organic matter in the soil. This procedure was completed for all 





 The latitude and longitude for each sample transect was used to gather average 
daily temperature high and average daily precipitation for the month of July 2015 using 
PRISM: Data Explorer (http://prism.oregonstate.edu.) The PRISM data used are an 
estimated average for the month based on gridded 4km2 cells. PRISM uses reporting 
stations across the United States and assigns them weight for a particular location based 
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on similarity to the particular grid cell in question. These similarities include location, 
coastal proximity, and elevation (Daly, Halbleib et al. 2008). PRISM then uses regression 
algorithms to estimate averages for the specific grid cell (PRISM Climate Group, Oregon 





 ArcMap (ESRI 2011) was used to plot the coordinates of the transects of all 
sampling sites. A 2014 aerial image base-map (ESRI 2011) was then overlaid. The 
distances were then measured between each sample site and the forest edge, the Lake 





 A non-metric multidimensional scaling (NMS) ordination was performed using 
the Biolog plate reader data to visualize the differences in bacterial functional diversity 
potential using PC-ORD v.12 (McCune 1999). Data from Leymus arenarius transects and 
corresponding Ammophila breviligulata transects were analyzed separately from 
Gypsophila paniculata and Lathyrus japonicus samples (with corresponding Ammophila 
data) to control for differences in storage times for soils used in the Biolog Ecoplate™ 
procedure. A multi-response permutation procedure (MRPP) was then run to analyze 
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differences in bacterial functional diversity between plant species (McCune 2002). 
Abiotic variables associated with each sample plot were included as overlays on the NMS 
when they were correlated with NMS axes by at least 20%. Additionally, biotic variables 
including the percent of ground cover by detritus, percent bare sand, plant species 
richness, and percent Ammophila cover were also included as overlays for the 
comparison of Leymus and Ammophila only. All analyses were conducted a second time, 
with Ecoplate™ carbon substrates grouped by substrate type into carbohydrates, 




















 MRPP analyses for all ordinations indicate that soil bacteria function did not 
significantly differ between plant species (Fig. 3-6). The NMS ordination of Leymus and 
Ammophila indicates that the carbon usage profiles by soil bacteria were significantly 
associated with organic matter content of the soil, the average temperature high, the 
distance of the site from the forest, percent ground covered by detritus, and the latitude 
(Fig. 3). The majority of these significant correlations remain when bacterial carbon 
usage is grouped into six carbon substrate types (Fig. 4). Percent detritus ground cover 
was the only abiotic/edaphic factor that was no longer significant when the carbon 
substrates were grouped. The NMS ordination of Gypsophila, Lathyrus, and Ammophila 
samples indicate that the carbon usage profiles by soil bacteria was significantly 
associated with average temperature, distance from the forest, and the percent of organic 
matter in the soil (Fig. 5). Organic matter and distance from forest remained associated 


















 Although other studies in different ecosystems have shown that plants can alter 
soil bacteria community function in the rhizosphere (Smalla, Wieland et al. 2001), that 
does not seem to be the case in this dune system. My analyses showed no difference 
between the bacteria function profiles in the rhizospheres of different plant species. It 
could be that the root exudates between functionally similar species such as Leymus and 
Ammophila are too similar to cause any changes in the function of bacteria in their 
rhizospheres. However, the functionally distinct species Gypsophila paniculata, Lathyrus 
japonicus, and Ammophila breviligulata also showed no difference in the bacterial 
function in their rhizospheres. Lathyrus japonicus is a nitrogen fixing plant, and was 
expected to impact bacterial function due to increased soil nitrogen (Ramirez 2011). 
Gypsophila paniculata is a non-native forb with a large taproot (Coupland 1966) rather 
than the spreading fibrous roots of Ammophila, but there was still no difference in the 
function of their associated bacterial communities.   
 Our analyses showed that many abiotic factors are more significant contributors 
to bacterial community function than plant identity. When comparing Leymus and 
Ammophila, the average site temperature high, organic matter content of the soil, the 
distance of the site from the forest, percent ground covered by detritus, and latitude were 
all significantly correlated with bacterial community functional diversity. Similarly, 
average temperature, distance from the forest, and the percent of organic matter in the 
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soil were important in the comparison between Gypsophila, Lathyrus, and Ammophila. It 
is not surprising that bacterial community function varies in response to climate. 
Research done in hardwood forest ecosystems found that as the temperature increases due 
to global warming, the amount of carbon substrate that is accessible to soil bacteria for 
respiration increases. This corresponded to a change in lipids in the bacterial lipid 
membranes and the kinetic ability of bacteria to respire (Zogg, Zak et al. 1997). However, 
results from studies on soil bacteria and their relationship with temperature vary 
depending on the ecosystem studied and the other variables included. Other research has 
found that soil warming alters soil bacteria functional composition, but the effect is 
significantly smaller than the effects of other factors such as soil moisture (Zhang, Zhang 
et al. 2013). Bacteria functional changes that correlate with temperature differences on 
the dunes of Lake Michigan indicate that these functions could also shift in response to 
climate change. The temperature gradient between the plots in this research was usually 
less than 5°C. This is an indication that a small shift in climate could have an effect on 
the bacterial community. Some research has predicted lower levels of water in the Great 
Lakes due to climate change increasing the rate of evapotranspiration (Gronewold, Fortin 
et al. 2013). Water availability is known to effect the function of soil bacteria (Zhang, 
Zhang et al. 2013). These factors, when combined, suggest that climate change will have 
a significant impact on the function of bacteria on the dunes of Lake Michigan. Altered or 
reduced soil bacteria functional diversity due to a large-scale temperature change would 
likely mean reduction in the ecosystem services that soil bacteria provide (van der Heijen 
2008). Some studies have shown that a decrease in bacteria functional diversity 
corresponds to a decrease in decomposition and nitrogen leaching rates (Bonkowski and 
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Roy 2005). This microbial diversity effect is strongest when there are few microbes 
present, such as primary successional habitats (Setala and McLean 2004). This is likely 
because there is functional redundancy in the ecosystem function of many soil bacteria 
species. 
 The amount of soil organic matter significantly influenced the soil bacteria 
community function as well. Organic matter content tends to increase with increased 
successional age on sand dunes (De Deyn, Cornelissen et al. 2008). In roughly 100 years, 
Ammophila breviligulata is replaced with shrubs that are better suited to the environment 
that the previous dune-building grass has created (Lichter 1998). Bacterial biomass has 
been shown to decrease while fungal biomass increases along a sand dune successional 
gradient. This decrease in bacteria biomass is thought to be partially due to the change in 
quality of organic matter (Pennanen, Strommer et al. 2001). Similarly, functional 
diversity in bacteria has been found to change along a glacier successional gradient 
(Tscherko, Rustemeier et al. 2003). The known change in bacteria biomass along a dune 
successional gradient combined with the functional change seen in glacier successional 
studies leads to the conclusion that soil bacteria function also changes on sand dunes as 
succession proceeds. This would also account for the ‘distance from the forest’ being one 
of the significant vectors in the majority of the ordinations formed in this study. 
 While this study suggests that invasive plants do not significantly alter 
belowground function of the dune ecosystem, I was only looking through the lens of soil 
bacteria community function. There are many other ways in which invasive species could 
be affecting their new dune communities, such as shifting arthropod communities and 
reducing the populations of threatened native plants (Emery and Doran 2013). The effects 
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of invasive plants on the dunes are not fully understood. The park systems in Michigan 
spend a considerable amount of time attempting to control plants that have invaded the 
dunes (Leege and Kilgore 2014). If these efforts were to end it is very likely that a more 









A. A future Michigan dune survey:  
 
1. Do soil bacteria communities differ genetically in response to plant 
identity?  
 This thesis centered on the functional diversity of soil bacteria and the factors that 
alter this functional diversity. Functional diversity is important because carbon 
consumption is largely how soil bacteria impact their ecosystem. However, genetic 
diversity of soil bacteria is just as important when viewed through an evolutionary 
perspective. Studies like (Kumar, Mannisto et al. 2016) which look at both functional and 
genetic diversity in soil bacteria compared between plant species and location provide a 
broader picture of the importance of soil bacteria diversity in ecosystems. A comparison 
of functional and genetic diversity on the dunes of Lake Michigan would offer a much 
more in-depth insight of what drives soil bacteria diversity. This would allow for 
comparisons of this dune ecosystem and the bacterial community to other ecosystems. 
This genetic research would use rRNA amplification, cloning, and sequencing to 
determine if there actually is a significant genetic difference between the soil 
communities of the two plant species that was undetectable as a phenotypic difference 
using the Biolog assays. It could be that there is a great deal of functional redundancy in 
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the soil bacteria species on these sand dunes. This would be valuable information from a 
conservation standpoint.  
 
2. Is the successional gradient shaping soil bacteria functional community? 
 A second dune survey would provide data to examine how soil bacterial diversity 
changes across successional gradients. The survey conducted for this paper chose soil 
samples wherever particular invasive plant species were found. Only later, with GIS 
information, did it become apparent that the successional gradient could be having a 
significant effect on soil bacteria function. It would be worthwhile to purposefully take 
soil samples along the successional gradient of this ecosystem and test the bacteria using 
the Biolog Ecoplate™ method to determine how large this effect is. Running a transect 
from the forest’s edge to the beach edge and studying both the genetic and functional 
diversity of the soil bacteria found along the gradient would give a more conclusive 
answer into how influential the gradient is in shaping bacterial communities. 
Successional gradient surveys looking at soil bacterial function have been done with 
glacier primary succession (Tscherko, Rustemeier et al. 2003) and found that incredibly 
young soil typically has less functional diversity.  
 
 
B. Laboratory root exudate extraction and identification 
 




 The Biolog Ecoplate™ and the 31 carbon substrates contained within were the 
only test for functional diversity within this study. This identifies “potential” carbon use. 
If the carbon sources in the soil sampled differs from these 31 sources Biolog provides 
the test is less relevant in the real world. It would be interesting to see if there are 
differences in types and quantities of root exudates produced by Ammophila 
breviligulata, Leymus arenarius, Gypsophila paniculata, and Lathyrus japonicus that are 
not encompassed by these 31 carbon substrates. Extracting dilute root exudates from 
hydroponically grown plants, concentrating exudates via organic solvents, and then 
separating components via high performance liquid chromatography (Vranova, Rejsek et 
al. 2013) would provide knowledge on the exact relevance of the Biolog Ecoplate™. 
 
C. Greenhouse experiment 
 
1. Does Leymus arenarius alter its rhizosphere to outcompete native dune 
plants?  
 If there are significant genetic differences found in the bacteria in the rhizospheres 
of the invasive plants vs the native Ammophila breviligulata it would be a good idea to 
complete a greenhouse experiment to examine the effects that these altered bacteria might 
have on plant growth. Plant growth promoting bacteria have been shown to enhance plant 
growth by acting as biofertilizers and reducing stress (Lugtenberg and Kamilova 2009). It 
is possible that an invasive plant could utilize its rhizosphere differently than a native 
plant to further its success. A greenhouse study would show if a change in rhizosphere 
bacteria was a byproduct of different root exudates and held no benefit to the invasive 
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plant or if the changed rhizosphere creates a competitive edge for the invasive plant. A 
greenhouse study would allow for the exclusion of abiotic differences such as 
temperature, precipitation, and organic matter. This controlled environment would more 
clearly show the effect that soil bacteria have on invasive dune plants. It could provide a 
fuller understanding of whether bacteria should be included in the discussion of 
controlling non-native plants on the dunes of Lake Michigan. 
 This proposed greenhouse experiment would use Ammophila breviligulata and 
Leymus arenarius seeds harvested from the Southern dunes of Lake Michigan. Seedlings, 
first planted in sterile soil, would be crossed with soil bacteria gathered in the field from 
under both Ammophila breviligulata and Leymus arenarius. Measuring plant growth in 
this crossed-rhizosphere greenhouse experiment would shed light on whether Leymus 
arenarius is altering its rhizosphere bacteria in order to outcompete Ammophila 
breviligulata. Enhanced growth in a simulated drought environment would also provide a 
glance into how the Leymus arenarius invasion will be altered as atmospheric factors 
change due to global warming in the next several decades. It is also possible that this 
future research will show that the Leymus arenarius invasion doesn’t affect the soil 
community to a significant degree. If this is the case, it could be that efforts to identify 














Map of the parks where soil sampling occurred on the eastern coast of Lake Michigan in 





Soil Sampling Summary 
 
Park Plant species sampled Total # of transects 
Saugatuck Dunes State Park Leymus 1 
PJ Hoffmaster State Park Leymus 4 
Norman F Kruse Park Leymus 1 
Meinert Park Leymus 1 
Nordhouse Dunes Wilderness Area Leymus 2 
Ludington State Park Leymus(2) Lath(1) 3 
Green Point Dunes Nature Preserve Leymus 1 
Arcadia Dunes Leymus 1 
Sleeping Bear Dunes (Peterson Beach) Gypsophila(1) Lath(1) 2 
Sleeping Bear Dunes (Bohemian Rd 
Beach) Gypsophila 1 
Sleeping Bear Dunes (Esch Rd Beach Gypsophila 1 
Grand Traverse Regional Land Con.  Lathyrus 1 
Point Betsie Lathyrus 1 
 
 
Soil Sampling Summary is a table of the national parks, state parks, local parks, and 
regional land conservancies where soil sampling took place. It includes the types of 
















Landscape Analysis Snapshot 
 
 
Landscape Analysis Snapshot is an example of the dune landscape analysis completed 
using ArcMap 2014. Distance from sample site to beach, lake, and forest were measured 





Biolog Ecoplate Functional Groups 
 
Carbon Substrate Category 
Water control 
Pyruvic Acid Methyl Ester carbohydrate 
Tween 40 polymer 






D-Xylose  carbohydrate 
i-Erythritol carbohydrate 
D-Mannitol carbohydrate 
N-Acetyl-D-Glucosamine  carbohydrate 
D-Glucosaminic Acid carboxylic acid 
Glucose-1- Phosphate phosphorylated compound 
D,L-α- Glycerol Phosphate  phosphorylated compound 
D-Galactonic Acid γ-Lactone carboxylic acid 
D- Galacturonic Acid carboxylic acid 
2-Hydroxy Benzoic Acid  carboxylic acid 
4-Hydroxy Benzoic Acid carboxylic acid 
γ- Hydroxybutyric Acid carboxylic acid 
Itaconic Acid carboxylic acid 
α-Ketobutyric Acid carboxylic acid 
D-Malic Acid carboxylic acid 
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Carbon Substrate Category 
L-Arginine amino acid 
L-Asparagine amino acid 
L- Phenylalanine  amino acid 
L-Serine amino acid 
L-Threonine  amino acid 




Biolog Ecoplate Functional Groups is a list of the 31 compounds found on the Biolog 





































NMS ordination of carbon function under Ammophila and Leymus plants is a visual 
representation of the variation between Biolog Ecoplates from the soil bacteria found 
under the Leymus and Ammophila transects. Stress=10.73 Axis 1 explains 58% of the 
variation between points, axis 2 explains 23.5% of the variation between points. (90.1% 



















NMS ordination of grouped carbon function under Ammophila and Leymus plants is a 
visual representation of the variation between Biolog Ecoplates from the soil bacteria 
found under the Leymus and Ammophila transect while grouping the carbon sources on 
the Biolog plates into six distinct groups. Stress= 10.1 Axis 1 explains 78.4% of the 
variation between points, axis 2 explains 16.1% of the variation between points. (94.5% 
















NMS ordination of carbon function under Gypsophila, Lathyrus, and Ammophila plants is 
a visual representation of the variation between Biolog Ecoplates from the soil bacteria 
found under the Gypsophila, Lathyrus, and Ammophila plants. Stress= 3.302. Axis 1 
explains 97.2% of the variation between points, axis 2 explains 1.2% of the variation 
between points. (98.4% is explained by both axes). MRPP A statistic= -0.0171 MRPP p-
value= 0.578. This NMS ordination was manually set to two dimensions, to enhance 























NMS ordination of grouped carbon function under Gypsophila, Lathyrus, and Ammophila 
plants is a visual representation of the variation between Biolog Ecoplates from the soil 
bacteria found under the Gypsophila, Lathyrus, and Ammophila plants while grouping the 
carbon sources on the Biolog plates into six distinct groups. Stress= 4.62 Axis 1 explains 
96.7% of the variation between points, axis 2 explains 2.0% of the variation between 
points. (98.5% is explained by both axis) MRPP A statistic= -0.028 MRPP p-value= 
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